Mild proteolysis by trypsin of particles of six potyviruses (bean yellow mosaic virus, clover yellow vein virus, Johnson grass mosaic virus, passion-fruit woodiness virus, potato virus Y and watermelon mosaic virus II) revealed that the N-and C-terminal regions of their coat protein are exposed on the particles' surfaces. The enzyme treatment removed the N-terminal region (30 to 67 amino acids long, depending on the virus) and 18 to 20 amino acids from the C terminus of the coat proteins, leaving a fully assembled virus particle composed of coat protein cores consisting of 216 or 218 amino acid residues. These core particles were indistinguishable from untreated native particles in an electron microscope and were still infectious. The core particles lacked the virus-specific surface epitopes that are recognized by the bulk of the polyclonal antibodies raised against the whole virus particles. Epitopes thought to be groupspecific were located in the trypsin-resistant core protein region. The implications of these findings are discussed in relation to the similar surface location of the N-and Cterminal regions of the coat protein of other rod-shaped plant viruses and the observed common structural features displayed by isometric plant and animal viruses.
INTRODUCTION
The potyvirus group is the largest of the 28 plant virus groups currently recognized. It contains more than 152 definitive and possible members (Hollings & Brunt, 1981; Matthews, 1982; Francki et al., 1985) which account for about one-quarter of all viruses known to infect plant species around the world. They are a very successful group of pathogens which, in 1974, were reported to infect over 1112 species of 369 genera in 53 plant families (Edwardson, 1974) .
Potyvirus particles are flexuous rods, 729 to 900 nm long and approximately 11 nm in diameter; they consist of up to 2000 subunits of a single protein species arranged as a helix (Hollings & Brunt, 1981) which encloses the single-stranded RNA genome of approximately 10000 bases (Hari, 1981) .
The potyvirus genome is translated into a large polyprotein that is subsequently cleaved [by virus-coded protease(s)] into capsid protein and several host cell-associated polypeptides (Allison et al., 1986; Domier et al., 1986; Carrington & Dougherty, 1987) . The observed variations in length (up to 40 amino acid residues) of the N-terminal region of the coat protein of different potyviruses (see Shukla et al., 1987) reflects the different locations of the specific cleavage sites (Allison et al., 1986; Domier et al., 1986) in this highly variable region of the potyvirus polyprotein (Allison et al., 1986; Shukla et al., 1986 Shukla et al., , 1987 Gough et al., 1987) . In contrast, the C-terminal regions of the different coat proteins vary in length by only one or two amino acid residues.
Although detailed information on the gene organization, comparative structures of the 3' coat protein-coding region of the genome and the sequence homology between related strains and distinct members of the potyvirus group is now available, little is known of the conformation of the coat protein subunits and their packing arrangements in the virus particles (Goodman et al., 1976; McDonald et al., 1976; McDonald & Bancroft, 1977) .
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Viruses and purification. Potyviruses used in this study were bean yellow mosaic virus (BYMV-S; Randles et al., 1980) , clover yellow vein virus (CYVV; Garrett, 1983) , Johnson grass mosaic virus (JGMV; Shukla et al., 1987) , passion-fruit woodiness virus (PWV-Tip blight; Shukla et al., 1988) , potato virus Y (PVY-D; Shukla et al., 1986) and watermelon mosaic virus II (WMMV-II; Greber, 1978) . Propagation hosts were Phaseolus vulgaris for BYMV, CYVV and PWV, Zea mays cv. Iochief for JG MV, Nicotiana tabacum cv. Xanthi for PVY, and Cucurbita pepo for WMMV-II. The viruses were purified according to the method described previously (Gough & Shukla, 1981) .
Limited proteolysis of intact virus particles. Purified preparations of the potyviruses were treated immediately after purification. The preparations, in 0.05 M-sodium borate buffer pH 8 were incubated with trypsin (Worthington) at the ratio of 2 pg of enzyme per mg of virus for 30 min at room temperature (about 20 °C) (Hiebert et al., 1984) . The tryptic peptides and the trypsin-resistant core particles were separated by centrifugation at 436000 g for 7 min at 5 °C in a Beckman TL-100 ultracentrifuge using a TLA 100.2 rotor. The supernatant fluid containing the tryptic peptides was dried in a Model 200H Savant Speed-Vac concentrator and the pellet containing the trypsin-resistant core particles was resuspended in the borate buffer.
Electron microscopy. Untreated and trypsin-treated particles were stained with 2~ aqueous uranyl acetate, pH 4-5 (Shukla & Gough, 1979 ) and photographed in a Jeol 100 electron microscope.
Infectivity test. Native and trypsin-resistant core particle preparations from the six potyviruses were inoculated onto carborundum-dusted leaves of appropriate indicator plants which were observed for the development of symptoms for 3 weeks.
SD~PAGE. Samples were mixed with an equal volume of Laemmli (1970) sample buffer (0.0625 M-Tri~HC1 pH 6.8, 2~ SDS, 5~ 2-mercaptoethanol, 10~ glycerol, 0.001 ~ bromophenol blue), heated for 3 min in boiling water and stored at -20 °C until required for SDS-PAG E. Electrophoresis was performed in 15 ~ polyacrylamide gels (1.5 mm thick) according to the method of Laemmli using a Bio-Rad apparatus, Model Protean II. The Pharmacia marker proteins used were phosphorylase b (M r 94000), bovine serum albumin (67000), ovalbumin (43000), carbonic anhydrase (30000), soyabean trypsin inhibitor (20000) and ~-lactalbumin (14400).
Isolation ofpeptides. Peptides contained in the supernatant fraction after high speed centrifugation of trypsintreated particle preparations of the potyviruses were isolated using reverse-phase HPLC on a C~8 reverse-phase column (218 TP, 5 btm, 4-6 mm x 25 cm; Vydac, California) connected to a Waters Associates HPLC system . Peptides were eluted using a linear gradient of 0~ to 16.75~ acetonitrile in 0.1 ~ aqueous trifluoroacetic acid over 30 min at a flow rate of 1-0 ml/min and a column temperature of 45 °C. Chromatography was monitored at 214 nm, fractions were collected manually in 1.5 ml Eppendorf polypropylene microfuge tubes and volatile compounds were removed by drying in the Speed-Vac concentrator.
Amino acid analysis. Peptides (1 to 5 nmol) obtained from HPLC separations were hydrolysed in a vacuum at 108 °C for 24 h in 0.5 ml constant boiling HC1 containing 10 ~tl of 0.t i-thioglycollic acid. The hydrolysates were analysed with an automatic amino acid analyser (Waters Associates).
Sequencing ofpolypeptides and peptides. Trypsin-resistant core particle preparations of the potyviruses were made to 60~ formic acid, left to stand at room temperature for 1 h and centrifuged for 15 min in an Eppendorf bench centrifuge (Model 5412) at 12000 r.p.m, to remove insoluble material. The supernatant fluid containing the viral core protein was dried in the Speed-Vac concentrator and subjected to automatic sequence analysis in an automatic protein sequencer (Applied Biosystems, Model 470A). Some tryptic peptides were sequenced manually by a modified Edman procedure and the phenylthiohydantoin amino acids were identified by HPLC as described previously . Other peptides were sequenced with the protein sequencer.
Antisera and electroblot immunoassay (EBIA) . EBIA was performed with infected plant sap or purified preparations of the potyviruses, using polyclonal antisera produced in rabbits against BYMV, CYVV, JGMV, Surface location of coat protein termini 1499 PWV and PVY. Antigens for the three JGMV antisera used were intact JGMV particles, trypsin-resistant JGMV core particles and trypsin-resistant JGMV core protein. The antisera to intact JGMV and PVY particles were the same as described previously (Shukla & Gough, 1979; Shukla et al., 1986) . BYMV and CYVV antisera were obtained from Dr R. G. Garrett (Victoria, Australia) and PWV antiserum from Dr J. Dale (Queensland, Australia). The antisera to JGMV core particles and JGMV core protein were prepared by a series of four (one intramuscular with Freund's incomplete adjuvant and three intravenous) injections of the core particles or core protein (1 mg/ml water/injection) over a period of 6 weeks. The blood was collected 10 days after the last injection. EBIA was performed according to methods described previously (O'Donnell et al., 1982; Hewish et al., 1986) . The antisera were diluted 1:1000 before use. The Bio-Rad prestained marker proteins used were phosphorylase b (Mr 130000), bovine serum albumin (75000), ovalbumin (50000), carbonic anhydrase (39000), soyabean trypsin inhibitor (27000) and lysozyme (17000).
RESULTS
The apparent Mr of the coat protein from the six distinct potyviruses ranged from about 30 000 to 34000 (Fig. 1 a) . All viruses gave a single b a n d except the purified P W V preparation which gave two bands. Trypsin treatment of the virus particles shortened the coat protein in each case to a 'core' polypeptide of about 30000 Mr (Fig. 1 b) . The double band in P V Y (Fig. 1 b, lane 6 ) was due to incomplete digestion. Table 1 shows that the N-terminal sequences of the core polypeptides of all trypsin-treated viruses are highly homologous. Thus, trypsin treatment had trimmed the coat protein chain of the five potyviruses to similar positions (Table I) be determined owing to contamination in the preparation. Comparison with the published sequence data for PVY and JGMV shows that 30 and 67 amino acid residues respectively had been removed from the N-terminal end of the two coat proteins (Fig. 2) . Sequence analysis of the peptides (Table 2) released by the trypsin treatment of intact potyvirus particles (Fig. 3 c, d ) confirmed the identity of the peptides removed from the Nterminal regions (Fig. 2) of JGMV (peptides 6 and 15) and PVY (peptides 12 and 13). The results also established that the peptides corresponding to the C-terminal 18 or 19 residues of these two coat proteins (JGMV peptides 11 and 12; PVY peptide 14) were released by the trypsin treatment (Fig. 2) . Peptides 5 and 10 from BYMV (peptides 6, 7, 8 and 9 are different versions of peptide 10), peptides 8 and 9 from CYVV, peptides 3, 4 and 5 from PWV and peptides 3, 5 and 8 from WMMV-II did not show sequence homology with the known coat protein amino acid sequences of potyviruses (Fig. 2) . These peptides presumably come from the N-terminal regions of their respective coat proteins since the distinct potyviruses shown in Fig. 2 have quite different sequences at the N-terminal ends of their coat proteins. In contrast, the C-terminal regions are far less variable and, therefore, the C-terminal peptides of CYVV (peptides 6 and 13) and PWV (peptides 2 and 10) in Table 2 could be readily identified by comparison with the known C-terminal sequences from other potyviruses (Fig. 2) . The C-terminal peptides from BYMV and WMMV-II could not be located (Table 2 ) among the major peaks in their chromatograms (Fig. 3a, f) . This may be due to their presence in small amounts or their occurrence in the wash peaks (14 and 9 respectively) which were found to contain a mixture of peptides. Several minor peaks in the chromatograms of J G M V (Fig. 3c) and PVY (Fig. 3d) were found to contain small amounts of peptides from the N termini of their coat proteins ( Fig.  2 ) with cleavage sites not specific for trypsin. These peptides may have resulted from the action of proteases of plant or microbial origin which can cosediment with potyvirus particles during purification (Huttinga & Mosch, 1974; Moghal & Francki, 1976; Hiebert et al., 1984) . The presence of similar minor peaks in the chromatograms of other potyviruses (Fig. 3) can also be explained this way. Thus, the core proteins produced by tryptic cleavage of the five potyviruses were shown to consist of 216 or 218 amino acid residues depending on the virus (indicated by arrows in Fig. 2 ) with 45 ~ of the residues conserved in all viruses examined and an overall average sequence homology of about 65 ~ for their coat proteins (Fig. 2) . Inoculation of indicator plants with native and trypsin-treated viral particles from all six potyviruses showed that the removal of the surface-exposed N-and C-terminal peptide regions did not abolish the infectivity. Local and systemic symptoms developed in all plants within 2 weeks.
Since the J G M V has the largest coat protein (303 residues) of the six potyviruses studied (Fig.  1 a) and has a total of 83 amino acid residues removed from the coat protein by trypsin treatment, the native and trypsin-treated particles were examined by electron microscopy. At the resolution achieved here (80000 x ) no difference in virus morphology was apparent as a result of trypsin treatment (data not shown). This result, although surprising, could possibly reflect the fact that the exposed location of the N-and C-terminal peptide regions may allow ready penetration of the stain (and hence render them invisible) even in the untreated virus particles, so that after their removal in the trypsin-treated particles there would be no apparent change in particle diameter.
Immunochemical analysis of native and trypsin-treated particles revealed that proteolytic digestion had removed the major surface epitopes that are recognized by anti-virus antibodies. EBIA of JGMV using polyclonal antisera to intact particles of the virus from two different bleedings (obtained after three and seven injections, respectively, of 1 mg virus/injection) revealed that the antibodies in the two antisera reacted strongly with the native coat protein bands (Fig. 4a, lanes 2 and 4) but only very weakly (Fig. 4a, lane 3) or weakly (Fig. 4a, lane 5) with the trypsin-resistant core protein bands.
When three different kinds of JGMV antisera were tested in EBIA with the six potyviruses, the antiserum to the intact virus particles reacted strongly with JGMV (Fig. 4 b, lane 2) as well as with WMMV-II (Fig. 4b, lane 7) , the antiserum to trypsin-resistant core particles recognized JGMV strongly (Fig. 4c, lane 2) , BYMV very weakly (Fig. 4c, lane 3) and CYVV weakly (Fig.  4 c, lane 4) , whereas the antiserum to dissociated, trypsin-resistant core protein reacted similarly with all six potyviruses (Fig. 4d) . The results also showed that the three antisera reacted with lower Mr degradation products of the coat protein (Huttinga & Mosch, 1974; Moghal & Francki, 1976; Hiebert et al., 1984) . The higher Mr bands seen in some lanes in Fig. 4 are coat protein dimers and they display the same serological properties as the corresponding coat protein monomers.
The relationship between JGMV and WMMV-II (Fig. 4b) (Fig. 2) . The enzyme/virus ratio required to remove completely the N-terminal peptide region by lysyl endopeptidase was 6 gg enzyme/mg of virus. Other conditions were the same as described for trypsin treatment (D. D. Shukla, J. Jilka, M. Tosic & R. E. Ford, unpublished results). Previously reported heterogeneity of potyvirus coat protein molecules has been attributed to degradation in situ by plant cell proteases (Moghal & Francki, 1976) or to degradation by contaminating host or microbial proteases during purification and storage (Huttinga & Mosch, 1974; Moghal & Francki, 1976; Hiebert et al., 1984) . Both postulates were examined. When sap from infected plants or freshly purified preparations was examined in EBIA, no heterogeneity of coat proteins was evident except for the purified PWV preparation (as in Fig. 1 a) that gave two bands on SDS-PAGE (results not shown). However, storage of purified virus preparations for 4 to 5 weeks at 4 °C led to the appearance of minor bands of lower Mr (Fig. 6) . Replacing the buffer from the purified viral preparations by pelleting the virus particles and resuspending in fresh buffer did not stop the degradation.
The HPLC profiles of the peptides generated by such in situ degradation in JGMV particles and their amino acid sequences revealed that most peptides come from the same N-and Cterminal regions removed by trypsin treatment (data not shown). However, additional internal cleavage must occur since storage of trypsin-treated JGMV particles produced further microheterogeneity.
DISCUSSION
In this paper we have examined the effect of mild trypsin treatment on the particles of six distinct potyviruses, BYMV, CYVV, JGMV, PVY (the type member), PWV and WMMV-II. Our results demonstrate that such enzyme treatment readily removed both N-and C-terminal regions of the coat proteins and hence that both these regions are exposed on the surface of potyvirus particles. Dougherty and co-workers (Allison et aL, 1985a; Dougherty et aL, 1986b) were the first to show that mild trypsin treatment of potyvirus particles removed exposed surface epitopes. They found that such enzymic digestion removed 29 amino acid residues from the N terminus of TEV coat protein and abolished the binding site for anti-TEV monoclonal antibodies.
Surface location of coat protein termini
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The data in this report suggest that this may be a general feature for all potyviruses despite major differences in the length and sequence of the N-terminal region of their coat proteins (Fig.  2, Table 2 ). Of the five potyviruses for which the amino-terminal sequences of the trypsinresistant polypeptides were obtained (Table 1) , three (JGMV, PVY and PWV) were trimmed back to a position equivalent to to position Asp-70 (Fig. 2) , with the concomitant removal of 30 to 67 N-terminal amino acids depending on the virus.
The findings in this paper also established for the first time that C-terminal regions of the coat proteins are exposed on the surface of the potyvirus particles. For the four viruses for which the C-terminal sequences were obtained (Table 2) , the trypsin treatment removed 18 to 20 amino acids from the C terminus, cleaving after the position equivalent to Arg-285 in JGMV (Fig. 2) . Hiebert et al. (1984) studied the changes in amino acid composition following trypsin treatment of five potyviruses, pepper mottle virus (PeMV), soyabean mosaic virus, TEV, WMMV-I and WMMV-II. Analysis of their data for PeMV and TEV, in conjunction with the subsequently reported amino acid sequences (Fig. 2) , reveals evidence for the removal of C-terminal residues from coat proteins of both viruses. Examples are the loss from PeMV of two methionine residues (absent in the removed N-terminal 32 residues but present in the C-terminal positions 295 and 304 in Fig. 2 ) and five threonine residues (two at the N-terminal positions 41 and 44 and three at C-terminal positions 283, 287 and 296 in Fig. 2 ). The reported losses (Hiebert et al., 1984) of other amino acids following trypsin treatment of PeMV and TEV also confirm the conclusion when considered in conjunction with the coat protein sequences (Fig. 2) .
The particles of two other rod-shaped plant virus groups, the potexviruses (Koenig et al., 1978; Sawyer et al., 1987) and tobamoviruses (Bloomer et al., 1978) are also known to have the N and C termini of their coat protein chains exposed on the external surfaces. The observed coat protein degradation during storage of tobraviruses (Mayo & Cooper, 1973; Mayo et al., 1974) , which also have a rod-shaped morphology, may indicate the surface location of N and C termini of their coat proteins. These observations suggest the possibility of common features of polypeptide folding and subunit packing among rod-shaped plant viruses (Sawyer et al., 1987) . Such common structural features have been revealed by three-dimensional structure determinations for the isometric plant viruses tomato bushy stunt (Harrison et al., 1978) , southern bean mosaic (Abad-Zapatero et al., 1980) and satellite tobacco necrosis (Liljas et al., 1982) and the animal picornaviruses human rhinovirus 14 (Rossmann et al., 1985) , poliovirus (Hogle et al., 1985) and Mengovirus (Luo et al., 1987) despite major differences in coat protein Mr (195 to 303 amino acids), amino acid sequence and, in the case of the animal picornaviruses, the presence of four rather than one type of coat protein. Thus, it would not be surprising if other rod-shaped plant viruses share structural features with the well studied tobacco mosaic virus particle.
Structural predictions (see Ward & Dopheide, 1980) for the potyvirus coat proteins show structural features similar to those known to occur in tobacco mosaic virus (Bloomer et al., 1978 ; McLachlan et al., 1980) and potato virus X (Sawyer et at., 1987) including four common ~-helical sections (Fig. 7) . The potyvirus coat proteins have eight conserved arginine residues at positions 61,194, 211,220, 225, 249, 251 and 285 (Fig. 2 ) which may interact with viral nucleic acid as suggested for tobamoviruses and potexviruses.
Results from our immunological studies with JGMV demonstrated that the bulk of the antibodies in polyclonal antisera raised against the whole virus are directed to the exposed surface epitopes of potyviruses suggesting the immunodominance of the exposed N and C termini in the potyvirus coat proteins. The exposed N terminus is the only large region in the entire potyvirus coat protein which is variable and virus-specific (PeMV is considered a strain of PVY; Shukla et al., 1987, Fig. 2, Table 2 ). Therefore, epitopes contained in this region should generate virus-specific antibodies. Results from experiments using monoclonal antibodies to potyviruses The TMV structure is based on the detailed three-dimensional structure of Bloomer et al. (1978) and McLachlan et al. (1980) . The PVX structure is based on the structural predictions of Sawyer et al. (1987) . The PVY structure was determined by the methods described by Ward & Dopheide (1980) . unrelated potyviruses: BYMV, CYVV and WMMV-II. This is the first report of serological relationship of JGMV to another potyvirus. The reaction of WMMV-II with the JGMV antiserum raised against intact particles (Fig. 4b) but not with the JGMV antiserum to trypsinresistant core particles (Fig. 4c ) and the abolition of the former reaction by treatment of WMMV-II particles with trypsin (Fig. 5, lane 5) or lysyl endopeptidase suggests that the epitopes for the relationship of JGMV and WMMV-II may be located in the N termini of the coat proteins. However, there is very little similarity in the N-terminal amino acid sequences of the two coat proteins (Table 2; Nonetheless, it is possible that the N termini of the two proteins, though different in sequence, form similar tertiary structures. The most likely explanation is that the two viruses have common internal epitopes whose conformation is affected by the removal of the N-terminal region. The reaction of BYMV and CYVV with the JGMV antiserum to trypsin-resistant core particles (Fig. 4c) and not with the JGMV antiserum to intact particles (Fig. 4b) suggests that JGMV, BYMV and CYVV share conformational epitopes located in the trypsin-resistant core region of the JGMV coat protein. Reaction of the JGMV antiserum to dissociated trypsinresistant core protein with all the six potyviruses is attributable to the extensive sequence homology between different potyviruses in the core protein region (Fig. 2) as has previously been suspected (Shepard et al., 1974) . The demonstration of proteolytic degradation and removal of surface epitopes from purified virus preparations on storage may explain much of the contradictory information on serological relationships among potyviruses (Hollings & Brunt, 1981) .
The following conclusions, with implications in identification and classification of potyviruses, can be drawn from results of the present study. (i) The N and C termini of coat proteins are surface-located and these termini constitute the most immunodominant regions in the virus particle. (ii) The N terminus is the only large region in the entire coat protein which is unique to a potyvirus and epitopes located in this region should generate virus-specific antibodies. (iii) Potyvirus group-specific epitopes are located in the trypsin-resistant core protein region and antibodies produced to this dissociated protein should recognize most potyviruses.
In view of the structural similarities (Fig. 7) , the conclusions drawn from results with potyviruses may have relevance for members in the potexvirus, tobamovirus and tobravirus groups.
